We study the coupling interactions between a progressively elongated silver nanoparticle and a silver film on a glass substrate. Specifically, we investigate how the coupling between localized surface plasmons (LSPs) and propagating surface plasmon polaritons (SPPs) is influenced by nanoparticle length. Although the multiple resonances supported by the nanoparticle are effectively standing wave surface plasmons, their interaction with the SPP continuum of the underlying Ag film indicates that their spectral response is still localized in nature. It is found that these LSP-SPP interactions are not limited to small particles, but that they are present as well for extremely long particles, with a transition to the SPP coupling interactions of a bilayer metallic film system beginning at a particle length of approximately 5 μm. Coupling of metallic nanostructures in plasmonic systems has been a topic of major research interest, as it leads to effects such as strong near-field confinement, useful for trapping, sensing, nonlinear interactions, and surface-enhanced Raman scattering [1] [2] [3] [4] [5] [6] . Coupling between finite-size plasmonic nanostructures and a conductive film is of particular interest as it involves the interaction of discrete localized resonances with a continuum of delocalized surface plasmon polaritons (SPPs) [7] [8] [9] [10] [11] . Systems exhibiting coupling of just a few localized resonances with a delocalized continuum have already been researched [7, 8] . However, the interaction between an ever-growing number of higher order localized plasmon resonances and a SPP resonance continuum has yet to be discussed. Specifically, it is well known that coupling between a localized surface plasmon (LSP) resonance and a SPP continuum leads to an observable anticrossing at the LSP resonance frequency [7, 8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . What is not clear, however, is if this still holds true for a large number of localized resonances, as will be investigated in this Letter. The system studied here consists of a 2D silver nanoparticle of 40 nm height and variable length L spaced 100 nm above a 50 nm thick Ag film on a SiO 2 substrate of refractive index n 1.46 [ Fig. 1(a) ]. A 2D geometry was chosen since effects along the third dimension are irrelevant. We use the dielectric data for silver measured by Johnson and Christy [22] . The simulation method carried out in this study is based on Green's tensor formalism in 2D [23] . As shown in Fig. 1(a) , a horizontally oriented electric dipole source placed 100 nm to the left of the particle is used for excitation. A study of the system response for a finite length L is made via the same Fourier analysis method as in a previous work [24] . The plots obtained display the magnitude of the parallel k-vector component k x at each given frequency. Note that use of this Fourier analysis method leads to an unavoidable spectral broadening in k-space, which is inversely proportional to the particle length L, but does not pose any limitation on the current study.
Coupling of metallic nanostructures in plasmonic systems has been a topic of major research interest, as it leads to effects such as strong near-field confinement, useful for trapping, sensing, nonlinear interactions, and surface-enhanced Raman scattering [1] [2] [3] [4] [5] [6] . Coupling between finite-size plasmonic nanostructures and a conductive film is of particular interest as it involves the interaction of discrete localized resonances with a continuum of delocalized surface plasmon polaritons (SPPs) [7] [8] [9] [10] [11] . Systems exhibiting coupling of just a few localized resonances with a delocalized continuum have already been researched [7, 8] . However, the interaction between an ever-growing number of higher order localized plasmon resonances and a SPP resonance continuum has yet to be discussed. Specifically, it is well known that coupling between a localized surface plasmon (LSP) resonance and a SPP continuum leads to an observable anticrossing at the LSP resonance frequency [7, 8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . What is not clear, however, is if this still holds true for a large number of localized resonances, as will be investigated in this Letter.
The system studied here consists of a 2D silver nanoparticle of 40 nm height and variable length L spaced 100 nm above a 50 nm thick Ag film on a SiO 2 substrate of refractive index n 1.46 [ Fig. 1(a) ]. A 2D geometry was chosen since effects along the third dimension are irrelevant. We use the dielectric data for silver measured by Johnson and Christy [22] . The simulation method carried out in this study is based on Green's tensor formalism in 2D [23] . As shown in Fig. 1(a) , a horizontally oriented electric dipole source placed 100 nm to the left of the particle is used for excitation. A study of the system response for a finite length L is made via the same Fourier analysis method as in a previous work [24] . The plots obtained display the magnitude of the parallel k-vector component k x at each given frequency. Note that use of this Fourier analysis method leads to an unavoidable spectral broadening in k-space, which is inversely proportional to the particle length L, but does not pose any limitation on the current study.
The sampling points used in the Fourier analysis are taken between the Ag particle and the film. This choice allows observing the effect of the localized particle modes on the dispersion of the total system. Intuitively, we expect such coupling interactions up to a certain length L, whereas for greater lengths, the system response should converge to that of two coupled films. By solving Maxwell's equations in the limit where L → ∞ and assuming TM polarization, we can calculate the eigenmodes of the asymptotic system. The calculations reveal three distinct SPP modes with dispersions shown in Fig. 1(b) and field profiles, with the E x component depicted along the schematic in Fig. 1(a) . Fourier analysis for a large length of L 15 μm shows the three SPP modes, thus confirming the intuitive picture [ Fig. 1(c) ]. Note, the central branch corresponding to mode II is of greatest intensity, since it exhibits a close to symmetric E x field component along the top and bottom interfaces of the particle, much like that exhibited by the many localized modes of the single elongated Ag particle in freespace [24] . The branch corresponding to mode III is of smallest intensity, since the field is most concentrated along the glass-Ag interface and thus, is excited least efficiently.
To understand the response of this system when L is much smaller, it should first be noted that the excitation of the Ag particle via a horizontally oriented dipole source in a symmetric background environment will lead to the excitation of many higher order localized modes. These modes are essentially standing wave surface plasmons and together form the continuum of the even SPP mode as L → ∞ [24] . This assumption still holds for this particle-film system, since the particle is spaced 100 nm from the surface of the film. Furthermore, the use of the electric dipole source also allows the excitation of the SPP modes within the Ag film.
Typically, when a single localized or nondispersive mode is coupled to a SPP continuum, a single anticrossing is seen in the dispersion [25, 26] and when multiple nondispersive modes are coupled to a SPP continuum, multiple anticrossings are seen in the SPP dispersion [27] . Note, for a coupling interaction to occur, spectral and spatial overlap must be present. Given such nondispersive modes extending over a large range of k-vectors at their specific frequencies, one will also observe their coupling interaction with the SPP continuum over a large range of k-vectors [ Fig. 2(a) ]. If, however, each one occurs over a specific/smaller range of k-vectors, then the coupling will also occur only over that range of k-vectors [ Fig. 2(c) ]. The effects of coupling in these two cases can be illustrated by considering a 100 nm thick absorbing layer placed directly on top of a 50 nm Ag film on a glass substrate. Here, the absorbing layer is modeled as one with six nondispersive (fixed-frequency) resonance bands, each with a Lorentzian line shape. SPPs are excited from the glass side via p-polarized total internal reflection illumination. Calculations are made via an analytical transfer matrix formulation based simply on Fresnel coefficients [28] . First, the two different absorbing layers are considered successively and investigated in the absence of silver. For the first case [ Fig. 2(b) ], the resonances are designed such that they exhibit a relatively high absorption even at larger values of k x . For the second case [ Fig. 2(d) ], absorption at each of the resonances is designed to be much lower and to decay to almost negligible quantities at a higher k x . We now consider the coupled systems that include the Ag film and the absorbing layer. For the first case, we observe very distinct anticrossing line shapes in the Ag film dispersion [ Fig. 2(a) ], whereas for the second case, much less pronounced anticrossing line shapes are observed [ Fig. 2(c) ].
With the chosen Fourier analysis technique, particle lengths for which a dispersion diagram can be obtained are typically on the order of L ≥ 1 μm. At these sizes, the LSP modes are standing wave plasmons at specific frequencies and k x values, which together form peaks along the dispersion curve of the even SPP mode [24] . Thus, one should see a similar coupling interaction as that in Fig. 2(c) .
We start the analysis with a particle of length L 1 μm and compare its dispersion [right panel in Fig. 3(a) ] to that of a lone particle in a freespace background [left panel in Fig. 3(a) ]. Note, the additional weak ghost patterns in all plots, which become finer as L is increased, are artifacts resulting from the Fourier analysis method that disappear as L → ∞. As can been seen, the dispersion maxima of the lone particle, marked with dashed lines in Fig. 3(a) , correspond precisely with the dispersion minima of the particle-film system, indicating the presence of the predicted coupling interactions between the particle and the film. In fact, for the particle-film system studied here, the coupling interactions result in this observed dispersion response rather than the typical anticrossing line shapes one expects at the multiple resonances of the lone particle. This is precisely because the particle resonances exhibit a very small extent in k-space.
Furthermore, we can see from the analysis that this coupled mode is one that will converge to mode II as L → ∞. The same coupling interaction is observed for a particle of length L 2.5 μm [Fig. 3(b) ]. Additionally, Fig. 1. (a) Silver nanoparticle of length L spaced 100 nm above a continuous silver film on glass. The system is excited by a horizontally oriented electric dipole (blue arrow). Eigenmode calculated E x field components for the three modes I, II, and III in the limit where L → ∞ are depicted along the structure. These are plotted for a frequency of 7 × 10 14 and k x values I 1.6 × 10 7 m −1 , II 1.972 × 10 7 m −1 , and III 2.7 × 10 7 m −1 . (b) SPP dispersion for the three propagating modes I, II, and III in the limit of a bilayer metal film system. (c) Dispersion diagram for the Ag particle plus film system with L 15 μm, showing emergence of the three propagating modes (normalized). at this length, the upper tail of another SPP curve becomes visible due to a decrease in spectral broadening. This mode corresponds to mode I for the L → ∞ system (Fig. 1) . Notice that coupling between the many localized modes of the particle and the SPP continuum of the film occurs only for mode II. This is simply due to the fact that in this case, SPPs are bound to both interfaces of the top Ag film, and that they exhibit a close to symmetric E x field profile in the top Ag film, just like that exhibited by the many localized modes of the single elongated Ag particle in freespace [24] . Note, however, that we do not expect the field E x to be completely symmetric in the top film, since the total environment itself is not symmetric. For a length of L 5 μm [Fig. 3(c)] , the transition to a bimetallic film system becomes apparent. For frequencies below approximately 450 THz, dips/ anticrossings in the SPP dispersion of the particle-film system continually match up with the resonance peaks of the lone particle, whereas at frequencies above 450 THz, where the single SPP curve splits into not just two, but three branches, these are lost. At L 15 μm, as shown in Fig. 1(c) , the splitting of the single SPP curve into three branches becomes much more distinct. This, in addition to the fading of LSP-SPP anticrossings and the formation of a SPP continuum, indicates that coupling between localized and propagating modes is not limited by the number of localized modes interacting with the continuum, but rather whether the particle has become sufficiently long to support freely propagating plasmons and thus, has entered the coupling realm of a bilayer film system.
In conclusion, we have studied the coupling between a progressively elongated Ag nanoparticle and a Ag film on a glass substrate. We have demonstrated that the coupling between the two leads to the typically observed spectral dips/anticrossings at every single one of the particle's resonances. This characteristic form of localized and delocalized (LSP-SPP) plasmon coupling is present for any particle length, right up to the limit where the particle becomes long enough to support freely propagating plasmons rather than localized standing wave plasmons [24] and thus enters the coupling realm of two metallic films. Such findings may be of relevance for systems with short metallic sections, examples being coupled-line bandpass filters implemented in the optical regime and also systems exhibiting gap-plasmon resonances [29, 30] . 
